The functional regeneration of damaged axons and severed connections in the mature central nervous system (CNS) remains a challenging goal of neurological research. Mature CNS neurons are refractory to axon regeneration for two major reasons, one, because the activity of cell-intrinsic mechanisms that drive axon growth during development is low -- and often further suppressed after an injury -- and two, because certain molecules that are part of mature extracellular matrix and myelin act as strong inhibitors of axon growth. Genetic removal of growth inhibitory molecules can increase axon sprouting, but is not sufficient to enable long-range axon growth. Since axon growth is robust during early developmental stages, it has long been hypothesized that mature injured neurons may be "reprogrammed" to the earlier growth state by re-activation of the intracellular growth signaling cascades that drive axon elongation in the developing fetus.

Many aspects of developmental axon growth mechanisms, especially in the periphery, are now well understood. The most prominent examples are the peptide growth factors of the neurotrophin family, acting on Trk family receptor tyrosine kinases to trigger multiple interlinked signaling cascades in developing sensory neurons. Among these cascades, the rapidly accelerated fibrosarcoma (RAF)-mitogen-activated protein kinases (MEK)-extracellular signal-regulated kinases (ERK) pathway has been strongly implicated in axon growth signaling, while the PI3 kinase (PI3K)-AKT-mTOR pathway has been predominantly linked to anti-apoptotic and anabolic signaling. Both of these aspects co-operate to optimize neuronal development and function. Blocking of RAF kinase signaling is sufficient to block neurotrophin-induced axon growth in embryonic dorsal root ganglion (DRG) neurons both *in vitro* and *in vivo* (Markus et al., 2002; Zhong et al., 2007), and in the absence of nerve growth factor (NGF)/tropomyosin receptor kinase A (TrkA) signaling, activation of RAF signaling strongly promotes axon elongation of embryonic sensory neurons in culture (Markus et al., 2002). We have further embarked on a series of studies of the effects of elevated neuronal RAF signaling in promoting axon growth and regeneration *in vivo*. As recently reported (O'Donovan et al., 2014), the activation of B-RAF, by itself, can drive axon growth in models of both fetal development and adult post-injury regeneration. The peripheral axons of nociceptive sensory neurons depend on NGF/TrkA signaling for cutaneous innervation. Conditional knock-in expression of a kinase activated (ka) B-RAF (B-RAF^V600E^) in these neurons allowed for full elongation and innervation of the epidermis in embryos lacking TrkA signaling. Even more excitingly, activation of B-RAF enabled re-innervation of the dorsal horn of the spinal cord by regenerating sensory fibers in adult mice after dorsal root crush injury ([**Figure 1**](#F1){ref-type="fig"}). The underlying mechanism seems unrelated to that invoked by preconditioning peripheral lesion because the transcription factor activating transcription factor 3 (ATF3) was not elevated by kaB-RAF expression. Furthermore, we observed robust regenerative growth of large numbers of retinal axons in crushed adult optic nerve, with some regenerating fibers reaching and crossing the optic chiasm ([**Figure 2**](#F2){ref-type="fig"}).

![B-RAF signaling promotes robust axon regeneration in the spinal cord and in the optic nerve.\
Upper panels: B-RAF signaling is sufficient to promote axon regeneration after dorsal root crush. Axon growth stopped at the DREZ in the control (left), or penetrated the DREZ in kaB-RAF expressing mice (right). *kaBraf*: *Kinase activated Braf*; DH: dorsal horn; DR: dorsal root; DREZ: dorsal root entry zone. Lower panels: Activation of B-RAF or combined B-RAF activation and PTEN deletion enables long-range axon regeneration. Representative longitudinal sections of regenerating optic nerve, 2 weeks after crush injury. Genotypes as indicated. Crush site is indicated by a red asterisk. From O'Donovan et al., J Exp Med 2014.](NRR-10-341-g001){#F1}

![Signaling molecules linked to axon regeneration.\
Green, kinases; red, phosphatases; blue, transcription factors; brown, the co-factor cAMP. Solid lines indicate direct molecular interaction; dashed lines show indirect interaction *via* one or more intermediate signaling molecules that are not mentioned in the article. Asterisked molecules have been stringently shown to affect CNS axon regeneration in rodent models. Non-asterisked molecules have been implicated indirectly, or by pharmacological inhibition, in non-mammalian models, in developmental axon growth, or *in vitro*.\
JAK: Janus kinase; STAT3: signal transducer and activator of transcription 3; SOCS3: suppressor of cytokine signaling 3; KLF4: krüppel-like factor 4; cAMP: cyclic adenosine monophosphate; B-RAF: rapidly accelerated fibrosarcoma kinase B; MEK: mitogen-activated protein kinases; ERK: extracellular signal-regulated kinases; DUSP6: dual specificity phosphatase 6; PI3K: PI3 kinase; PTEN: phosphatase and tensin homolog; AKT: protein kinase B; mTOR: mammalian target of rapamycin; CNS: central nervous system.](NRR-10-341-g002){#F2}

The ability of kaB-RAF expressing neurons to overcome inhibitory molecules expressed in the injured tissue was foreshadowed in our embryonic experiments, where we observed a dramatic overgrowth of kaB-RAF-expressing central nociceptive axons in the dorsal horn of the spinal cord, extending substantially into normally 'forbidden' deeper layers. Repulsive surface molecules including Semaphorins and Plexins in these areas usually act to keep nociceptor nerve endings confined to the most superficial layer of the dorsal horn (Yoshida et al., 2006). The adult central nervous system expresses abundant growth inhibitory cues. Spinal cord injury (SCI) further upregulates inhibitory signals in the lesion site (Sharma et al., 2012). It will be interesting to see whether B-RAF activation can enable substantial axon regeneration in SCI scenarios as it does in the optic nerve.

B-RAF promotes axon elongation *via* the canonical downstream Ser/Thr kinase effectors MEK1 and MEK2. The RAF-MEK-ERK cascade is a well-studied pathway that regulates and modulates numerous cellular processes, including axonal transport, local protein synthesis and gene expression patterns. Useful targets to promote axon regeneration are likely to be found among transcription factors or epigenetic mechanisms, which typically increase or restrict the expression of groups of functionally linked genes, such as genes involved in axon extension. We found that both nerve growth factor (NGF) and increased B-RAF signaling increase the binding activity of Egr family transcription factors (Zhong et al., 2007). The Egrs are immediate early genes known to be required for NGF-induced axon growth (Levkovitz et al., 2001). Regarding epigenetic regulation, activated B-RAF-dependent DNA de-methylation and ectopic induction of a neuronal differentiation marker microtubule-associated protein 2 (MAP2) has been shown in non-neuronal cells (Maddodi et al., 2010), however role of DNA methylation status in axon extension awaits further study.

From a druggability point of view, it is likely to be easier to inhibit intracellular growth-inhibitory pathways than to directly activate growth-promoting pathways such as B-RAF signaling. Several growth inhibitory signaling molecules have already been identified, in particular phosphatase and tensin homolog (PTEN), suppressor of cytokine signaling 3 (SOCS3) and krüppel-like factor 4 (KLF4) discussed below. But there certainly are more to be discovered, in particular among the phosphatases. As Ser/Thr kinases, the RAFs and MEKs are subject to negative regulation by phosphatases. In non-neuronal cells, protein phosphatase 2A (PP2A), PH domain and leucine rich repeat protein phosphatase 1/2 (PHLPP1/2), dual specificity phosphatase 5 (DUSP5) and other phosphatases have been shown to antagonize MAP kinase pathway signaling in various contexts; their function in neurons remains to be tested. The phosphatase DUSP6 has recently been implicated in downregulation of ERK activity in sensory neurons (Finelli et al., 2013). Interestingly these authors found that NGF itself, *via* the transcription factor Smad1, increases DUSP6 expression, resulting in negative feedback regulation of NGF -MAP kinase signaling. Elevated expression of phosphatases dampening MAP kinase signaling may be one cause of the reduced growth competency in mature CNS neurons.

The most dramatic optic nerve axon regeneration was seen in mice carrying both the conditional kaB-RAF and the PTEN loss-of-function alleles. PTEN is a phosphatase that antagonizes PI3K-AKT signaling. PTEN deletion results in increased activity of PI3K-AKT-mTOR signaling, *i.e.*, it activates the second major, anabolic growth-associated intracellular signaling pathway that is typically engaged by growth factor tyrosine kinase receptors such as TrkA.

Combinatory approaches such as the co-activation of RAF and PI3K are likely to be required to achieve sufficient axon regeneration that could enable axons to re-innervate their target tissues. Cytokine signaling has long been implicated in peripheral axon regeneration (Zhong et al., 1999). Cytokines through the gp130 receptor activate the Janus kinases (JAKs), which in turn trigger STAT family transcription factors. The combination of enhanced JAK-STAT signaling, *via* deletion of its negative regulator SOCS3, with PTEN deletion has been reported to further enhance optic nerve regeneration over PTEN deletion alone (Sun et al., 2011). The growth-promoting transcription factor STAT3 directly interacts with the inhibitory transcription factor KLF4, and deletion of KLF4 by itself enabled some axon regeneration in the optic nerve (Moore et al., 2009), dependent on Janus Kinase (JAK) activity (Qin et al., 2013). In addition, a study combining PTEN deletion with elevation of intraretinal cAMP activity and inflammation of the eye reported for the first time a partial recovery of specific visual functions (de Lima et al., 2012). While still subject to detailed verification, these results are exciting.

Our own initial gene expression profiling study (unpublished) indicates that B-RAF activates a genetic program that is distinct from those seen after PTEN or SOCS3 deletion. KLF4 expression was not affected by B-RAF activation. Therefore, activation of RAF signaling in combination with any of these paradigms is likely to further strengthen CNS axon regenerative growth. [**Figure 2**](#F2){ref-type="fig"} is an abbreviated schematic of the intracellular signaling mediators discussed here that have been shown to, or may be, involved in the regulation of mammalian CNS axon regeneration.

Finally, the combination of activated intracellular growth pathways with neutralization of extracellular growth inhibitory molecules needs further investigation. Degradation of the extracellular matrix component chondroitin sulfate proteoglycan (CSPG) has been shown to enhance axonal sprouting and regeneration. Myelin-associated axon growth inhibitory molecules have also been intensively studied over the past decade. Whether axonal sprouting or generation can be further promoted by a combination of B-RAF activation and removal of the inhibitory signals is currently under investigation.

Activation of B-RAF kinase or its growth-promoting downstream signaling mechanisms may also be helpful in clinical conditions besides traumatic nerve injury. Many neurodegenerative disorders involve axon damage and die-back, glaucoma and amyotrophic lateral sclerosis (ALS) being well-characterized examples. Activation of intracellular axon growth signals may render axons more resilient to metabolic stress in a degenerative environment. Given its efficacy in crushed retinal axons, it will be interesting to test the effects of B-RAF activation in rodent models of glaucoma, where degeneration of retinal axons at the level of the optic nerve head eventually leads to the death of retinal ganglion neurons, with concomitant irreversible loss of vision.

While we are still far from being able to reverse the consequences of spinal cord and other CNS injuries, real progress has been made in the recent years, especially in the regard of the activation of intracellular signaling pathways to drive CNS axon regeneration. This approach, in combination with others, may eventually lead us to meaningful regeneration and functional recovery following traumatic injury and degenerative lesions to the CNS.
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